A new hydrated sodium nickel fluoride with nominal composition NaNiF 3 3H 2 O was synthesized using an aqueous solution route. Its structure has been solved by means of ab initio methods from powder X-ray diffraction and neutron diffraction data. NaNiF 3 3H 2 O crystallizes in the cubic crystal system, space group Pn-3 with a = 7.91968(4) Å. The framework, derived from the ReO 3 structure type, is built up by NaX 6 and NiX 6 (X=O,F) corner-shared octahedra, in which F and O atoms are randomly distributed on a single anion site. The 2a x 2a x 2a superstructure arises from the strict alternate 3D-link-up of NaX 6 and NiX 6 octahedra together with the simultaneous tilts of the octahedra from the cube axis ( = 31.1°), with a significant participation of hydrogen bonding. NaNiF 3 3H 2 O corresponds to a fully cation ordered variant of the In(OH) 3 structure, easily recognizable when formulated as NaNi (XH) 6 (X=O,F). It constitutes one of the rare examples for the a + a + a + tilting scheme with 1:1 cation ordering in perovskite-related compounds. The Curie-like magnetic behavior well reflects the isolated paramagnetic Ni 2+ centers without worth mentioning interactions.
randomly distributed on a single anion site. The 2a x 2a x 2a superstructure arises from the strict alternate 3D-link-up of NaX 6 and NiX 6 octahedra together with the simultaneous tilts of the octahedra from the cube axis ( = 31.1°), with a significant participation of hydrogen bonding. NaNiF 3 3H 2 O corresponds to a fully cation ordered variant of the In(OH) 3 structure, easily recognizable when formulated as NaNi(XH) 6 (X=O,F). It constitutes one of the rare examples for the a + a + a + tilting scheme with 1:1 cation ordering in perovskite-related compounds. The Curie-like magnetic behavior well reflects the isolated paramagnetic Ni 2+ centers without worth mentioning interactions.
While X-ray and neutron diffraction data evidence Na/Ni order in combination to O/F disorder as a main feature of this fluoride, results from Raman and MAS-NMR spectroscopies support the existence of specific anion arrangements in isolated square windows identified in structural refinements. In particular, formation of water molecules derives from unfavorable FH bond formation.
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Submitted to Inorganic Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Introduction AMF 3 (A=Na, K, NH 4 ) fluorides have been investigated since the 60`s. 1,2 Sodium fluoroperovskites NaMF 3 are known for a number of divalent transition metals such as Mg, Mn, Fe, Co, Ni, Cu or Zn. These fluorides are usually synthesized by the ceramic route using stoichiometric mixtures of the binary fluorides NaF and MF 2 which were typically heated at temperatures ranging from 700 and 900ºC in welded gold or platinum ampoules. [3] [4] [5] [6] NaNiF 3 was first prepared by Babel et al. 7 , followed by reports on other isostructural NaMF 3 perovskites. 8 They crystallize in the orthorhombic system, space group (SG) Pbnm. The ideal cubic perovskite structure is only found for K fluoroperovskites, while in Na fluoroperovskites the symmetry is lowered to orthorhombic because of tilting of the anion octahedra, displacement of the alkaline metal from the center of the cuboctahedron or distortion of the MF 6 octahedron. 9 NaMF 3 sodium metal fluorides are interesting as prospective electrode materials for lithium or sodium batteries. Recently Gocheva et al. 10 reported on the electrochemical properties of NaMF 3 (M=Fe, Mn, Ni) obtained by mechanochemical synthesis as positive electrodes for rechargeable sodium batteries. For NaFeF 3 a modified synthesis procedure has allowed the discharge capacity of sodium batteries to be increased from 120 mAh g 1 up to high 197 mAh g 1 11,12 , confirming the interest of transition metal fluorides as new electrode materials. In this connection we reported on the facile low cost synthesis of Na fluoroperovskites with formula NaMF 3 (M = Mg, Mn, Fe, Co, Zn) by precipitation from aqueous solution at room temperature. 13 However, for M=Ni the precipitation reaction did not lead to the desired NaNiF 3 perovskite phase. In this paper we have further investigated the nature of the Na-Ni-F compound formed by precipitation reaction using the aqueous solution route. As we shall see, chemical analysis and TGA have allowed for determining accurately the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 chemical formula of a new hydrated sodium nickel fluoride, and its crystal structure has been unveiled by powder X-ray and neutron diffraction. Complementary electron diffraction was used as appropriate tool for space group assignment. The structural features of this fluoride are further correlated to its spectroscopic properties obtained from IR and Raman studies completed with 23 Na, 19 F and 1 H MAS-NMR spectroscopy.
NaNiF 3 3H 2 O transforms into an orthorhombic sodium nickel fluoride with perovskite structure, similar to NaNiF 3 7 , when heated to 200ºC.
Experimental
Synthesis of a Na-Ni-F compound with nominal composition "NaNiF 3 " was attempted by precipitation from aqueous solution accordingly to the following chemical equation previously reported for the synthesis of NaMF 3 perovskites 2,13 :
3 NaF + NiCl 2 .6 H 2 O → "NaNiF 3 " + 2 NaCl + 6 H 2 O
1.713g (7.2·10 3 mol) of NiCl 2 6H 2 O (Aldrich) were dissolved in 25ml distilled water. The stoichiometric amount of NaF (0.907g, 21.6·10 3 mol, Aldrich) was added to the green solution afterwards. The final solution was stirred for 6 hours and heated at 60ºC to partially evaporate solvent until a light green powder precipitated. The precipitate was washed with small portions of distilled water and dried at 60ºC.
Chemical analysis was carried out to accurately determine the chemical composition of the compound and to confirm the structural model refined using X-ray and neutron diffraction data. Na and Ni contents were determined by means of ICP-OES (Perkin-Elmer). F/Na and F/Ni atomic ratio and homogeneity of the sample was checked by electron probe microanalysis (EPMA) using a JEOL Superprobe JXA-8900 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 M instrument equipped with wavelength dispersive spectrometry (WDS). Samples were pressed into pellets to get a planar surface. Quantitative determination was performed on the basis of Na, Ni, O and F X-ray emission lines using NaF, NiF 2 and NiO as reference compounds. The fluorine content was also quantified by F  titration with fluorine selective electrode measurements on samples that were previously digested with HNO 3 . Thermal analysis was carried out with a TGA/DTA Netzsch STA 409 apparatus. Samples were heated at 10 K min -1 up to 400ºC under flowing nitrogen.
Powder X-ray diffraction patterns were recorded in the 10-100º 2θ range on a Bruker D8 high resolution X-ray powder diffractometer, operated at 40kV and 40mV
and equipped with a position sensitive detector (PSD) MBraun PSD50-M, using monochromatic Cu-Kα radiation (λ=1.54056Å) obtained with a Ge primary monochromator. The structure was deduced from powder X-ray diffraction (PXRD) data by using the ab initio Expo2009 package. 14 For neutron powder diffraction (NPD) data were collected at the neutron source FRM II -MLZ (Garching, Germany) on the high resolution SPODI diffractometer. A Ge(551) monochromator was used to select a wavelength of λ = 1.5481 Å. Cylindrical vanadium cans of 8 mm diameter were filled with 3g of powder sample. ND patterns were collected for 6h over the 5-160º 2 range with a step size of 0.05º at 300 K.
The diffraction patterns were analyzed using the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 Transmission electron microscopy (TEM) and electron diffraction (ED) experiments were performed with a JEOL 2000 FX microscope operating at 200 kV.
Scanning electron microscopy (SEM) experiments were performed using a FEI XL30® apparatus equipped with an EDAX analyzer for energy dispersive spectroscopy (EDS).
IR spectroscopic data were collected on a FTIR Perkin Elmer 599 in the 4000- Magnetic measurements were performed in a SQUID magnetometer (Quantum Design) MPMS-XL applying a field of 500 G. M/H measurements were performed using magnetic fields up to 5T in the 2-400K temperature range. Figure 1a shows the powder X-ray diffraction pattern of the green solid obtained after precipitation from aqueous solution following chemical equation (1) . Its diffraction 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 profile is quite different from that exhibited by NaCoF 3 Results from X-ray diffraction revealed that the sample contains a small fraction of NaF as secondary phase (ca. 5% as determined by Rietveld refinement). Based on this result the sodium weight % obtained from wet chemical analysis was recalculated to a 12.0 % and an atomic Na:Ni ratio = 1:1. EPMA measurements showed the presence of a 1:1:3 prolonged exposure of a sample to the electron beam was accompanied by a continuous decrease of the oxygen signal, which may be related to evaporation of water from the sample during measurement. This behavior accounts for the general difficulties encountered during the study of this material by means of TEM and ED.
Results
The presence of water has been investigated by thermal analysis. Figure 2 shows the variation of weight % with temperature up to 400 ºC under flowing nitrogen. The important weight loss between 150 and 200ºC (27.0%) can be related to the loss of three hydration water molecules. In consideration of a ca. 5% NaF as secondary phase the recalculated weight loss was 28.2%, which is in good agreement with the 28.0%
calculated value for three water molecules. The formula NaNiF 3 3H 2 O is then confirmed by complementary analytical techniques. The effect of thermal dehydration on the structure has been studied by annealing NaNiF 3 3H 2 O to 250ºC for 10h. The Xray pattern of the annealed sample was similar to that reported for orthorhombic NaNiF 3 , space group Pbnm, with the perovskite structure. A detailed study of the transformation of NaNiF 3 3H 2 O to orthorhombic perovskite will be reported elsewhere.
Structural study
The structure of the title compound was fully solved by combining different complementary techniques. Powder X-ray diffraction (PXRD) and neutron powder Details about experimental conditions and refined parameters are given in Table   1 , whereas the main structural parameters of the refined model are summarized in Table   2 together with bond distances and angles in Table 3 . The graphic result of the fitting of NPD data is depicted in Figure 4 . The corresponding graphic result of the fitting of PXRD data is given as Supplementary Information Figure SI 1. The second phase
included in the refinement corresponds to NaF, which is formed to a small extent (ca. 5%) during the precipitation reaction from aqueous solution. The structure of NaNiF 3 3H 2 O is built from corner-sharing Ni(O/F) 6 and Na(O/F) 6 octahedra that alternate along the three main directions ( Figure 5 ). Oxygen and fluorine atoms are randomly distributed in the nonmetal 24h position. NaNiF 3 3H 2 O corresponds to a fully cation ordered variant of the Sc(OH) 3 21 or In(OH) 3 26 . Likewise the Na-O/F bond distance of 2.348(2) Å is shorter than the Na-O bond distance observed in -NaOH (2.350-2.426 Å) 27 or NaCoO 2 (2.375 Å) 28 , while the Na-O/F distance is systematically longer than the Na-F distance determined in NaF (2.316 Å) 29 or in the high temperature form of Na 3 AlF 6 (2.305 Å) 30 .
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Magnetic characterization
The variation of the magnetic susceptibility of NaNi(XH) 6 The negligible θ value confirms the lack of any significant interaction between paramagnetic centres. This is easily understood when recalling that the Ni(O/F) 6 octahedra are isolated from each other by Na(O/F) 6 octahedra due to the particular alternating …Na -Ni -Na…cation ordering along the three directions of this ReO 3 -type structure. The observed magnetic behaviour then supports the presence of isolated paramagnetic Ni(O/F) 6 units. This behaviour is quite opposite to the antiferromagnetic ordering displayed by NaNiF 3 perovskite 7 , where exchange interaction of Ni through p orbitals of fluorine through corner-shared NiF 6 octahedra does occur.
Discussion
The ReO 3 -type supercell in NaNi(XH) 6 (X=O,F) with doubling of the cubic a parameter arises from a combined effect of 1:1 cation ordering on the Re site and octahedral tilting. Ordering in the B-site of the perovskite structure is very well known for cations differing in charge (by at least two units) or having very different size. In the present case, the driving force for ordering seems to be more likely different size effect (burtite) and six other isotypic hydroxides have been reported so far to crystallize with the same structure [34] [35] [36] . However, NaNiF 3 3H 2 O compound is the first example for this cation ordered structure type with concurrent anion disorder.
The tight Na-X-Ni bond angle detected in NaNi(XH) 6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 hydroxides Sc(OH) 3 21 and In(OH) 3 23 . Not surprisingly, the stronger hydrogen bonding in Sc(OH) 3 and In(OH) 3 produces bigger tilting angles (=24.0 and 27.9º, respectively). The octahedral tilts in NaNi(XH) 6 produce two short interanionic distances (2.559 and 2.789 Å, see Figure 5 ) between adjacent O/F atoms belonging to two linked Ni(O/F) 6 -Na(O/F) 6 octahedra. A similar situation has been reported in Sc(OH) 3 21 and
In(OH) 3 22 which may be considered isotypic when disregarding the additional cation ordering in NaNi(XH) 6 (X=O,F). In the NaNiF 3 3H 2 O structure the difference on the Na Figure 8b shows the hydrogen atom distribution in the NaNi(XH) 6 (X=O,F) structure. For comparison the analogous distribution observed in In(OH) 3 is displayed (Fig. 8a) . However these disordered H positions are too close to each other to be simultaneously occupied (that would produce impossible short distances from 0.50 to 0.70 Å). Half occupancy for both H sites has been adopted in structural refinements. The only atomic arrangement consistent with the composition is that each pair of neighboring anions is bridged by a proton, making a short bond to one and a long bond to the other. This arrangement would be only consistent with the formulation NaNiF 3 (H 2 O) 3 , if the O and F anions are ordered, producing always short OH and long FH bonds. However, assuming that the anion lattice is disordered, the compound has to be formulated as NaNi(XH) 6 (X=O,F). As result from considerable octahedra tilting in NaNi(XH) 6 , isolated square (XH) 4 4 units of disordered O/F anions X are formed, with hydrogen bonding along the square edges. These extend perpendicular to each other along the three main directions (Fig. 8c) . The average anion distances in the square motifs, 2.559 (3) The 23 Na MAS-NMR spectrum of NaNiF 3 3H 2 O compound depicted in Figure 9 shows the presence of two different signals at 8 and 308 ppm. The narrow signal at 8 ppm can be ascribed to the presence of a small amount of NaF 47 , which was formed during the sample preparation, already detected by XRD technique. In this case, Na environment is symmetric and no quadrupolar patterns were detected.
The broad signal at 308 ppm contains the central (1/2,-1/2) and satellite (3/2, 1/2) transitions, modulated by the spinning sidebands produced by the sample rotation (20 kHz). This band has been ascribed to the octahedral coordination of sodium. 48 The analysis of the spinning sideband pattern using first order quadrupolar interactions suggests the presence of two components that we attribute to F-rich environments in NaF and NaNi(XH) 6 compounds. 47 Taking into account that all anions are surrounded by one sodium and one nickel atom in NaNi(XH) 6 , chemical shifts of signals should be ascribed to differences on anion environment. Based on the structural arrangement of octahedra -each F should have ten next nearer F/OH anions as neighbors -, the number of detected environments should be very high. However, the number of detected bands is considerably lower than expected, indicating that octahedral distortions and tiltings detected in structural refinements reduce the number of anion environments. If we analyze the structure of NaNi(XH) 6 
The presence of diamagnetic H-H, H-F and paramagnetic H-Ni interactions
enlarge considerably 1 H MAS-NMR spectra of NaNi(XH) 6 . In order to improve spectral resolution, experiments were conducted at two spinning rates in two different probes.
Best results were obtained in a 7 mm diameter probe, where a higher amount of sample was used. In this case, the smaller electrical probe background favors the detection of three components at 2, 5 and 7 ppm (Figure 11 ). In this spectrum, dipolar interactions produce an important amount of spinning side bands separated by the spinning rate, 5000 c/s. The 1 H MAS-NMR signal recorded in the 4 mm probe at 14000 c/s rotor speed displays again 2, 5 and 7 ppm components, but with a lower amount of spinning sidebands. Taking into account the location of protons between two nearest O/F anions of contiguous octahedra, the three detected bands can be tentatively ascribed to protons within O…O, O…F and F…F associations. In general, OH bonds are stronger than FH bonds, so that if a proton is covalently bonded to oxygen the hydrogen bond with the acceptor atom will be weaker compared with the case in which the covalent bond is with a fluorine anion. Based on this fact, the most intense 2 ppm band has been ascribed to protons in O…O and those at 5 and 7 ppm to O…F and F...F environments ( Figure   11 ). The relative intensities of the three bands indicate that the probability of the three 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 difference, the vibrations arising from F − and O 2− are not expected to mix as in a onemode behaviour. A multiplication of the number of modes is rather expected. The number of modes observed is incompatible with a well-ordered, periodic structure, but it can neither be explained by a completely disordered one, which would yield much broader and ill-defined bands. We therefore propose that the ordered aspect of Raman spectra arises from local configurations with short-range F/O ordering, similar to reports on other systems 49, 50 . Figure 13a shows the IR spectrum of NaNi(XH) 6 (X=O,F) in the 350-4000 cm 1 range. We divide the spectrum into two regions, above and below 2000 cm 1 , pertaining to stretching and bending-like vibrations of systems involving protons. The stretching region shows two intense though structured bands, peaked at about 3300 and 3000 cm 1 , and a doublet centred at 2300 cm 1 . The weak band at 3630 cm 1 is assigned to a "free"
hydroxyl group from a residual Ni(OH) 2 phase ( OH  = 3637 cm 1 ). Finally we consider the cases with fluorine as a donor, F-H...A. As explained above, a proton located between F and O is expected to shift toward the oxygen, thus contributing to the band above 3200 cm 1 . If both anions are F, the strength of the Hbonds depends critically on the F...F distance. 55 In our case, both d 1 and d 2 are much higher than the short distances involved in symmetric F-H-F bonds 56, 57 , so that protons will probably remain close to one of the fluorine ions, resulting in a relatively high stretching frequency that we identify with the band appearing at about 3000 cm 1 . We then attribute this band to F-H 1 ...F and F-H 2 ...F configurations.
In the bond-bending region we find a strong band at 1578 cm 1 and other bands at lower frequencies. The region around 1600 cm 1 readily suggests the presence of water-like entities. As we have said, in asymmetric F...O configurations the proton will shift toward the oxygen, but this oxygen may be already bonded to another proton at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The NaNi(XH) 6 sample annealed at 250ºC (Figure 13b ) exhibits a clearly different and much simpler IR spectrum. TG experiments revealed that thermal treatment at this temperature produced the loss of three water molecules. Accordingly, all vibrational modes ascribed to proton species are absent in the dehydrated sample. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   23 The (Ni-F) stretching mode (450 cm −1 ) agrees with that reported for NaNiF 3 . 5, 7 The weak band detected at 3636 cm −1 is again attributed to a residual amount of Ni(OH) 2 . Regarding vibrational spectroscopy, the preferential association of protons to oxygen atoms when these are located near F ions was confirmed. This peculiarity, not 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 3 . Bond distances (Å) and angles (º) with standard deviations in NaNiF 3 3H 2 O determined from X-ray and neutron data.
Conclusions
Distances (Å) Angles (º)
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Figure 9:
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